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Abstract
The work lurdaning of f.c.c. matalc at larga ●traino 10 Uiocuoaad with

rafaranca to th linear ~tra~m-ttrain bahvior oftan oba-rvcd ● t large
●traint ●nd known mS Stige IV. The axparimental avidenc~ #howa that S~ga
IV 1S ● work hardaning phenomenon that 10 found quits ganarally, even in
pura f.c.c. metals cubjactad to homog~naous d~fo~tion. A simple modal for
Stiga IV in pur~ ●atilo i- prasantod, bacod on the ●ccumulation of dis-
location dabris. Cxparimance ara dcscrfbad for larga ●trafn tor-ion tasts
on four ●luminum alloys. Tha laval and ●xtant of Stag@ IV ●calad with the
●aturation ● trac- that would repramnt tha ●nd of SUgs 111 in tha ●b-anca
of ● Stiga Iv. Rovar~ing the torsion ●ftir larga prastraint producod
tranmiant roductiont in tha work hrdaning. Tha ●train mt~ ●an-itivity was
CISO mta~urod bofora ●nd during the tran~icnt ●nd found not to va~ signifi-
cantly. Th@ ●icrostmcturc oboorvad ● t l.args otmino in ●n Hg ●lloy cuggc-t
that Staga IV can occur in tln abaanca of microbnd fomation. Prcviout
propocal~ for th causa of StagQ IV ara raviawad and found to be not
●upportad by racant ●xpcrimentil da-.



Introduction

The varioue stagee of work hardening from easy glide on were originally
definad by Diehl in 1956 (1) aa Sr~ge I for eaoy glide, Stage II for linear
brdenin~ ●nd Stage 111 for approximately parabolic hardening. Stag? IV as
diccuaaod here in umJmlly thought of as the mall but muatained hardening
that occurs at va~ lmrgo otraina, ●.g. am obaemed in wire-drawing of iron
by Langford ●nd Cohen (2), Fig. 1.* The experimental evidence reviewed

?iguro 1. Stre~s-otrain curva for wfra-drwn ir~n obtalncd from
auccaa~lva torIs!la taato of wira-drawn material, fr~ Langford ●nd
Cohen (2).

below strongly cugg~~to that tha non-zaro hardening of Stago IV 1S ● rul
phnomanon in varfouc ●a-is ●cid ●lloys. It 1s, houovar, orIly significant
●t low homologous tamparaturos. In Co and S1 thora f~ mt~n ● furth~r Sing@
V that has bam obscrvad by Brion ●t ●l. (S). in ●otilo, houovar, wo will
only comidar Staga V to be tha ●nd of Stag@ IV. Tk various atagos of work
hardanlng ara mott cl~rly dfstinguio-tid on ● diagram of O v~rcuc a, wharo O
- eu/aco Fig. 2. Staga 11, when pra~ant, plots ●s m conctant, high valua

Sq911

~crcnca to ● “Staga IV” by Kocka (3) in 1966, rofarr~d, by contraot,
to ● amturntion susa wh~n SMga 111 is ●saumad to h strictly parabollc
(4)0



of e at about p/200. Stage III can be represented by the Vote law which
plota aa a atralght line where the hardening rate decreasea linearly with

atrers towards a “maturation stress”. Singe IV intervenes before the
maturation atreaa im reachedhand iB commonly thought of as another stige of
constant, low e at about 10- p.

1

Recent major reviews of large-strain deformation and work hardening
were published by G1l-Sevillano et al. in 1981 (6) and by Hecker and Stout
in 1982 (7). Hecker ●nd Stout ernphaaized the effects of impurities in ln-
creaeing work hardening at large #trains and muggeated that torsion in pure
f.c.c. ●elutlo would rot show Sta:.e IV. A corollary to the latter SuggestIon
1s the idea that Stage IV might be the result of Inhomogeneoua deformation
such ●s redundant work in wire drawing or shear bands in rolling, for
example. Stage IV has nw been found, however, in pure N1 by Hughes (8>,
pure Cu by Alberdi (9) and by ouraelvee in 99.99% Al, all in torsion.

Hecking mnd Crinbcrg (10) dlacuaaed a number of porsible auaes for
Stage IV. The review presented below shows that none ot the causea they
liscad ●ppears to k ●n adequate explanation of the Stage IV work hardening
observed in the homogeneous torsion experiments mentioned ●bove. In the
following we first r~view an empirical criterion for SUge IV, due to Embu]”y
and t!ocking (11). In the light of this criterion, a simple model for SMge
IV 1s prosentad, bassd on the accumulation of dislocation debris. Then the
list of possibla causas of Stnga IV compiled by tlecklng and Grinberg ilO) in
reviewed. The raaults of current mxperimantu on a number of ●luminum alloya
● re proscnted ●nd discussed in ralation to tha raviw.

An ~plrical Crlt@rio2 for Stage IV

It has beta pointed out by Hacking ●nd Embury (11) that th onsat of
StagQ IV ●nd tha hardening rate in Stage IV, can be well fitted ●mpiricslly
by tha criterion,

(1)

whor~ z’ ia the extrmpolatad stracs for the mnd of Stsge III ●nd c is ●

constint of ordar 0.1. Figure 3 ohous da- from Albardi (9) for copper
t~st~d in torsion at fiva differant tcmparaturas, whara ● choica of c - 0.1
givac ● good fit to the transition from SUga 111 to Stiga IV. For the
hfghcr temperatures, the hardening rata in Saga IV appaars to riso with
strosc until it ●vootually dacraasas ●gain touards zaro. Figure 4 shout
data from Hughet (8) for three Ni-Co ●lloys tamtad in torsion ●t two
tcmp~raturas. In this case ● choice of c - 0.05 in Eq. 1 beat dcmcribts the
transition to Suga IV. In contrast to Alhrdi’s data, the hsrdaning rate
in Stag@ IV of tho Ni ●lloys is ●ith@r constint or dacroaaing.

Dislocation Hardanin&

Th critarion ia of tlw carno form as tha Consid4r@ critarion for
diffu~o necking in ttnsion. The snalogy cannot tM takan any further, how-
●var, sinco it is not obvious what insmbility could pradict ouch ● iow
factor. An ●ltarnativa ●xplanation is that th, lavol of strain harJoning
obsarvad in SUga IV is closaly related to that in Sing@ 111, SMg@ IV ml-
ways occurs cloaa to tho maturation point of tha Stag@ III flow otrecs, in
oth~r wordo when ●th~tml hardaning is naarly balanced by dynamic r~covary
(13,17). If tk diolocntion rearrangement that produc~s dynsmic racovary
ml-o lad to an accumulation of BOM diffcr,nt dobrls, ● finitt hardaning
rata would b ●xpoctcd to romnin.
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Figure 3. Hardening rate versus resolved shear stress for copper
tested in torsion at five different temperatures, from Alberdl (9).
Both quantities have been normalized by the temperature dependent
shear modulus. Eq. 1 is plotted
origin with slope 0.1.
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resolved ●hear stress for three
Ni-elloye, a) ●t room temperature ●nd b) *t 300 C. Equatiom 1 is
plotted as a straight line through the origin with b.ope 0.05,
from Hughes (8).

Many investigators Imve not~d that monotonfcall: strained metals
davalop dislocation structures that have “debrla” in the form of small loops
●nd short dipoles (12). These are in ●ddition to the major fe~tures such ● s
tangles or cell walls. In fact, they tend b occur insid- ttw cell walla of
metals that form calls, such ● s pure copper ●nd aluminum. This debris could
be the result of dynamic recovery processes ●nd 00 the rate of production of
debris should be ●t ● aaxlmum near the saturation ●trees. For axampla, ●

dipole might form where WO diclocatfonc of the saint Dlip system but oppo-
site ~fgn would annihilate ware it not for the fact that they lie on slight-
ly separated slip planes. It aoems possible that the steady accumulation of
such dabris ●ight be responsible for the cmn-saro work hardening rate in
Stage IV.

Staga 111 lnQ been approximately described in phenomenological tams by



Kocks (13) as a linear
stress:

The relationship works

decrease of hardenfng rate, 0, as a function of

~= fjo (1 - ~/a J (2)

best at moderate strains but deviations in the
direction of a less rapid decrease of 0 have often been observed, ●.g.
(14). The theoretical attempta to describe this will not be discussed here,
but see, e.g., (15).

Ae a generalization of Eq. 2, the work herdening rate in Singe III maY

be written aa (16),

e=eo- er(:,T, u) (3)

The flow stress, a, is related to the dislocation density, p, by the well-
establlshed relation,

where a is a geometrical constant of order one, u is the shear modulus
is the magnitude of the Burgers vecto~. Then tti rate of change of
‘dislocation density with strain, 8p/&, 1s given by (17)

If the rate of accumulation of debris, 6Pd/bG iS some fraction, f, of
dynamic. recovery rate of dislocation density loss, then

(4)

and b

(5)

the

(6)

Near the saturation of Singe III, the dynamic recovery rate will be
approximately equal to 00 =nd therefore approximately constant. Therefore
the debris accumulation rate can be wrfttm ● s

(7)

If the principal sffect of debris ●ccumulation is to lncruse the saturation
stress, a’, then Eq. 2 an be differmitiatod to show that at larga
stresses,

Comparing Eqs. 7 ●nd 5 auggesta ~hat,

(31”/00 - f

(8)

(9)

Tha fraction, f, cac be ●s:lmatod ●t the tranaitiou from Stage 111 to stage
IV ●ince ●t this point, the flow stress is spproxlmataly ●qual to the
saturation stress. Ths ratio of the current work hardening rata to tht
●thermal, Stage 11, hardening rate than definas f. Comparison with room



temperature experiments s~ggests that f is of the order of 1/50, since %V
is ~pically of order 10-;I.I (18). The variation of *V with ~ would
suggest that the fraction f also scales with the saturation stress. The ef-
fect of incorporating a gradual increase of the maturation stress ia
illustrated In Fig. 5 by plots of hardening rate versus stress for a
material with propertied like those of aluminum. ?he upper curve
Illustrates the effect of a conaant Increase of saturation stress. The ef-
fect of an increase proportional to the level of dynamic recovery, +, is
illustrated by the lower curve and shows a sharper transition from SMge III
to Stage 1’?. T@ curves were generated by using Eq. ~~ modified to take
account of a us that itiereases with strain.
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Figure 5. Work nardening rate versus stress for a material with
properties eimflat to thoee of aluminum, a) constant increase of
Ue, b) increase of US proportional to ~.

Dipoles ought to be subject to elimination by climb ●t sufficiently
high fractions of the ❑elting point. This model ralees the interesting
possibility that there ie come temperature at which diffusion ie strong
enough to eliminate Stage IV by recovering the etructure faster than debris
can be accumulated. At thie temperature, tha level of work ;ardening in
Stage IV ehould be highly rate ●eneitive. tlodels o~ work hardening based on
dlffusional recovery have been reportad, ●.g. (18,19), but they have been
directed at Stage 111 work hardening. Tha discussion presented here only
regarde diffusional recovery ●e significant for Stage IV.

If indeed there is debris being etored that does not contribute to the
flov strees, then the etored anergy (proportional to the dielocatlon
density, hence flow strees ●quared) should rice faeter than the square of
the flow nttoes. Thle be been ehown to be true experlmentr.lly by the care-
ful calorimetry of Ronnpagel ●nd Schwink, (20).

Other Jauses of Stage IV

Flecking and Grlnberg (10) listed eight possible causes of Suge IV es
follows:

1) Grain Size: tlany alloys exhibit an fncreaee in flow etress with decrease
in grain ●ize. Sincu the ●pacing bameen grain boundaries in at least one
directian decreases to very small dimensions ●t very large strains, Stage IV
might be ● man!faotativn of grain boundary strengthening. The analogy here
is with the ca~e @f hard encond phase. diecueeed ●bove. Jago end Haneen



(21) have recently shown, however, for pure iron that the grain size effect
tends to vanfnh, even at the relatively mall tentsile strain of 0.2. Hughes
(8) compared the strain hardening of WO different grain sizes of Ni-30Co
out to large torsional strains, Fig. 6, and found also that the grain size
effect tended to vanish at large strains. The reverse torsion experiments
deacr%bed below also tend to c&tradict a grain size cause for Stage IV.
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Figure 6. Stress versus strain fcx two different grain sizes,
50 and 200 microns of Ni-30ZCo alloy, frou Hughes (8).

2) Deformation Banda: Hatherly and llalfn (22) defined deformation bands as
the regions of a grain where slip has occurred homogeneously Deformation
bands are separated by transition bands where the lattice orientation
changes from that of one deformation bend to the orientation of the
deformation bend on the other side of the transition band. IYecking and
Grinberg (10) hypothesized that when the deformation bends decreased in size
to dimensions comparable with the cell size, the hardwting In the cell
structure might be affected.

A related topic is that of disorientation between cells which tend to
incraase with strain. Alberdi (9) investigated both copper and aluminum and
found that the misorieintation increased up to 10” by a ehear otrain of 4 in
Al. At larger strains, however, there ●ppeared not to be ●ny further in-
crease in mfsorientation. It is possible that 10° disoriented cell walls
might act as harriers to dislocation motion. Such large obstacles would,
ho~ever, act as athermel obstacles and not contribute to the rate
sensitivity of the material. To set against thie, it is known experimental-
ly that the rate sensitivity tends to increase during Stage IV (8,9).

3) Surfece Effects: Samples deformed to large strains often have large
mrface-to-volume ratios. It is known, however, that the presence of a
surface tends to soften a metal see Fourie (23). The antfcipared effect of
surfaces, therefore, would be to diminish the strain hardening st large
etrains.

4) Stress-Induced Transformation: In certain materials, such as the
stainlcsa steele, a phase transformation can occur at stresses elevated by
strain, causing enhanced krdening. This 1s, however, not relevant to Stage
IV in pure metals.



5) Changing Strain Path: If the relative amount of redundant ntrain varies,
as it might in a wire drawing process for example, it is possible that the
hardening might vary. It is herd, however, to eee how it could lead to the
sustained hardening of Stage IV and it does not explain the occurrence of
Stage IV In torsion experiments.

6) Plastic Instabilities: Plastic instabilities such as shear bands oftsn
develop at large strains. Whereas macroscopic plastic inBtabllicies tend to
lead to a reduction in load bearing capacity, it seems reasonable to suppose
that hardening still occurs on a microscopic scale within shear bands. It
is possible, therefore, that continual shear banding could sustain hardening
in a way that the prior homogeneous deformation could not (11). That is tc
saw, the prior homogeneous deformation would satura:e at a cartain flow.
stress except Phat shear banding intervenes and leads to sustained hacden-
ing. For this reason, careful attention is paid to homogeneous deformation
in this discussion.

7) Texture: Large plastic strains at low homologous temperatures lead to
strongly d~veloped cryeudlographic textures. It has been argued that as
the orientation of each grain changes, so the combination of active slip
systems changes. This argument depends on the latent hardening of inactive
slip systems being greater than the currently active ones as is generally
true. Then when a change of active slip systems occurs, the flow stress
will rise. Latent hardening, however, is known to be predomlmnt at small
strains (24); this hes not been investigated at the large strains discussed
here. Also most grains re-orient to a suable orientation so this effect
would be expected to saturate and not lea? to any work hardening at very
large strains.

8) Second-Phases: The presence of seccnd phase particles of high aspect
ratio provides a special case. High strains lead to decreasing spacings be-
meen the sacond phase particles in at least one direction. If the second
phase 1s hard enough to block dislocation flow in the matrix then the mean
free path for dislocation motion decreases strongly with strain. As the
mean fxee path decreases, the flow stress rises by the Hall-Petch effect.
If strain is measured as logarithmic strain, then the decrease in spacing is
an exponential function of the strain. Embury and Fisher (25) demonstrated
this ~pe of hardening behavior in a heavily-drawn pearlitic steel and Bevk
(26) more recently demonstrated this in drawn Cu-Nb alloys where the second
pkSe Wab in the fOL”rn Of fili3rneCitS. This special case of Stage IV will not
be discussed further in this paper.

Torsion Tests on Al Alloys

Four different Al alloys hnve been tested to large strains in torsion
using a short tubular specimen, Fig. 7. Torsion tests to large strains have
the major advantage over other techniques that the tests are continuous
tests at a uniform strain rate. They are also free of problems with
lubrication and redundant work. The short tube specimen has the merit of
being very stable to large strains while givin[ uniform plastic deformation
in the gauge length (27). The testing was perfarmed in ●n tfM servo-
hydraulic testing machine that has been fully described elsewhere (28).
‘;his machine permits “free-end”’ torsion testing in the sense that anv axial
stresses that would develop in “fixed-end*’ testing are accommodated by
operating the machine under uxial load control. The constraint of the grip-
end sections, however, does not permit the short gauge length to change
diameter, so axial straining is acrually prevented by volume constancy
durfxg pla6tic deformation. This was verified on several specimens by use
of a shadowqraph bafore ●nd after a test. The four alloys were 1) 9?.99%
pure Al, 2) Al with 0.4 ●tomic percent Iln, 3) Al with 2 atomic percent Flg



1.27 mm

17.0 mm

Figure 7. Design of short tube torsion specimen.

and 4) Al with 2 atomic percent Cu. The 99.99% Al is free of second phases
but has enough solute that recrystallization does not occur at room
temperature. The Hn alloy was heat treated to precipitate as much of the M
as Possible$ in the form of coarse A16?ht particles. The llg alloy con~ins
the maximum amount of eolute that is possible at room temperature. The Cu
alloy uaa used in the over-aged etate for comparison with the h alloy.

Stress-Strain Behavior

Figure 8 shows representative atrese-strain curves for the four alloys
converted to equivalent stress and equivalent strain on the basis of the von
Hises yield criterion. The unalloyed Al saturates at a low stress level and
the Fln alloy shows similar behavior at a somewhat higher stress level. The
Ilg alloy, hwever, reaches higher stresses and displays a clearly linear
stress-strain behavior at large strains. The Cu alloy also shows sustained
hardening at large etrains and at ●n.even higher stress level. PIgura 9
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von Msoaii8TRAlN

Figure 8. Stress-strain curves for four aluminum alloys, 99.99% Al,
A1-0.4%tln, A1-2ZHg acd A1-22CU. A factor of /3 has been ueed to
convart ●hear ●tresa ●nd strain to ●quivalent stress and equivalent
c train.



shows a plot of hardening rate versus resolved flow stress for the four
alloys. Tt@ empirical criterion of Eq. 1 for the transition to Stage IV
again provides a reasonable fit to the data. The exception is rhe I’in alloy
which shows an essentially continuous decrease in hardening down to a
saturation stress. The 99.99% Al also lacks a definite Stage IV though
there is a clear depa&ture from the smooth decrease in hardening down to
saturation. The Mg alloy, houever, shows a clear transition to consts-”
work hardening in Stage IV whfch persists to the largest strain teste~.
(equivalent) strain = 5. It is worth noting that the hardening tends LO
decrease slowly as the stress rises in Stage IV although there is sometimes
an initial increase. The overaged Cu alloy also displays a transition bJt
with slightly increasing hardening during
hardening rate is in agreement with other
semi-continuous second phase, e.g. Bevk’s
(26).

Stage IV. Such an increasing
work on alloys with
data for Cu with Nb filaments
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AJ+4.SS b
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0 m so 7s 100 1*B ?s0
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Figure 9. Hsrdenfng rate versus resolved shear stress, calculated
from the data shown in Fi&.re 8.

Torsion - Reverse Torsion

Reversing the sense of deformation has produced some interesting re-
sults in the Al alloys. Figure 10 shows ●tress-strain carves for the four
alloy~ where the materials have been wisted to an equivalent strain of 2
(except for the case of the Cu alloy) and then reverse Wlsted to zero net
strain. The reverse torsion curves have been plotted by inverting both the
stress and the strain ●xes so as to facilitate comparison with the forward
curvep. In general the results show that there is little changs in flow
stress on reversing the deformation, ●xcept for the Cu ●lloy where the hard
particles can support back stresses. There is alsu a transient during which
the work hardening is zero or negative followed by hardening that is in-
distinguishable from the forward torsion. Such transient-s in work hardening
have been found by oth~r workers ●t smaller strains for tension-compression
experiments, e.g. (29). The Hg alloy in particular shous that Stage IV 1s
not eliminated by reversing the flow. This would appear to contradict any
explanation of Stage IV based an grain boundary effects oince Backofen (3@)
showed that the grain shape !s restored on reversing the torsion. He also
showed that the torsion texture 1s s~ble on rever~ing the flow; this means
that the torsion-reverse torsion test 1s unusually suitable for large strain
Bauschinger tests. That is, any change in flow stress or work hardening
must be due to tiw substructure rather than to textural effects. An
interesting correlation with the mechanical data was found by Iyer and



Gordon (31) who measured a transient decrease in stored energy during a
compression test of Cu that had been prestrained 30% in tension.

Figure 10. Effective stress-effective strain curves for the four
Al alloys tested in torsionand then reverseZoraion. The point
&t which tho torsion was reversed is indicated by ●n ●rrow. The
●xtent of the transient of reduced work hardening is indicated by
u horizonml daahcd line over each CU-?S,

Strain rateJUIUp tests were parformed for tha 99.992 Al ●nd the tlg
alloy for both torsion ●nd reverse toroion. The tlg ●lloy displayed
●ssentially zero rate sensitivity throughout the test, including during the
work hardening tranuient. The 99.99% Al, howover, dtow~d ● large positive
rate sensitivity which incraas~d with flo~ stress ●nd again was largely
imaffected by the reversal of plastic flow, Fig. 11. These results suggest
that major changes in strain peth might be ●xpactad to lead to changes in
hardening rate with little change in rate $ea#itivlty. Such information may
be useful for studies of ●train localization which sometimesinvolva strain
path changes.
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Figure 11. Equivalent stiess-equivalent strain curve for 99.992
A1-test@d in torDion ●nd revarse torsion with strain mte changes
of ● factor of 10. The point ●t which the torsion wau reversad 1s

indicated by ●n ● rrow.



Microstructure

Figure 12 compares the dislocation structures at an equivalent strain
of 2 in the four alloys. The 99.99% Al shows a well-developed cell
structure as might be expected, without pronounced directionality. The M
alloy shows coarse precipitates of A16Hn which have cell walls associated
with them. The cell structure appears to bs somewhat finer than the
prer:pitate spacing. The tln remaining in solution clearly has little effect
on the dislocations at room temperature, as expected from the very low
mo”oility of dn atoms in Al at this temperature. The Hg alloy shows a quite
different microstructure with only faint cellular contrast and pronounced
dislocation txmgllng. At thie strain, the Hg alloy is wall into Stage IV so
it 1s interesting to note the apparant Iack of assocfntion between the end
of Stage III and ths development of CC1lS. The microstructure also lacks
the intersecting microbande observed in higher ?lg content Al alloys by
Korbel et al. (32).

.
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FlgurQ 12. TDI micrcgraphs shwing the microstructure ●t ●n
●ffactlve strain of 2 for 1) 99.992 Al, b) A1-O.4%Hn, c) A1-2%Hg,
●nd d) AI-22CU.



The Cu alloy shows a mixture of heavily buckled plates of AIzCU (9’)
and areas where the plates are comparatively straight. There are also
instances where a colony of plates has been sheared, Fig. 13.

Figure 13. TEtl micrograph showing & particles of
by a microband.

Collcluniont

Al# sheared

Experiments on various single-phese and two-phase Li alloys confim
that Stage IV is a general phenomenon in f.c.c. metala and ●lloys ●nd does
occur in homogeneous torsion.

iEH obs~rvations on ● Al+2% Hg ●lloy suggest that SUge IV can occur in
● single phase alloy without the ●ppearance of microbands in the
microstructure. Hecker ●nd Stout (7) reachad the snme conclusion in their
discussion of hardentng of heavily rolled Nf.

An ●nalysla of ●ll the recent daw nhovs that there 1s ●n ●mpirical
correlation between the hardening xat, ●t which Stage IV oterts ●nd the
stress ●t that point. This correlation can be understood in term of ●

simple dabrfs accumulation model. This model ●lso pr~dictm that Stage IV
●hould be ●boent ●t temperatures that ● re high ●nough for thermal
(diffusfonal) recovery to ●llmlnata the debris. This model is in ●groement
with the ccant date uvailable.

A number of previous proposala (10) for the ceum of Stage IV were
reviewed ●nd ~ound not to be in ●greemm? wfth recent ●xperimental data.

The offoct of a reversal of otrain direction on Stag@ IV was
investigated. It was found that tranefants in the work hardening occur but
that Stage IV reappears ●ft~r tha transients. The retrain rate menaitivity
●ppeared to be unaffected by the ●iteration in -train diraction.
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